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Retinal cell types are differentially affected in sheep with scrapie
Abstract
Transmissible spongiform encephalopathies (TSEs) are a group of fatal neurodegenerative diseases
characterized microscopically by spongiform lesions (vacuolation) in the neuropil, neuronal loss, and gliosis.
Accumulation of the abnormal form of the prion protein (PrPSc) has been demonstrated in the retina of
natural and non-natural TSE-affected hosts, with or without evidence of microscopically detectable retinal
pathology. This study was conducted to investigate the effect of PrPSc accumulation on retinal neurons in a
natural host lacking overt microscopical evidence of retinal degeneration by comparing the distribution of
retinal cell type-specific markers in control and scrapie-affected sheep. In retinas with PrPSc-
immunoreactivity, there was disruption of the normal immunoreactivity patterns of the alpha isoform of
protein kinase C (PKCα) and vesicular glutamate transporter 1 (VGLUT1), markers of retinal bipolar cells.
Altered immunoreactivity was also observed for microtubule-associated protein 2 (MAP2), a marker of a
subset of retinal ganglion cells, and glutamine synthetase (GS), a marker of Müller glia. These results
demonstrate alterations of immunoreactivity patterns for proteins associated with specific cell types in retinas
with PrPSc accumulation, despite an absence of microscopical evidence of retinal degeneration.
Keywords
prion, retina, scrapie, transmissible spongiform encephalopathy
Disciplines
Computational Biology | Veterinary Infectious Diseases | Veterinary Pathology and Pathobiology
Comments
This article is published as Smith, J. D., J. J. Greenlee, A. N. Hamir, and MH West Greenlee. "Retinal cell types
are differentially affected in sheep with scrapie." Journal of comparative pathology 138, no. 1 (2008): 12-22.
doi: 10.1016/j.jcpa.2007.09.002. Posted with permission.
Rights
Works produced by employees of the U.S. Government as part of their official duties are not copyrighted
within the U.S. The content of this document is not copyrighted.
This article is available at Iowa State University Digital Repository: http://lib.dr.iastate.edu/bms_pubs/44
J. Comp. Path. 2008,Vol.138,12^22
Retinal Cell Types are Differentially Affected
in Sheep with Scrapie
J. D. Smith*,y, J. J. Greenleey, A. N. Hamiry and M. H. West Greenlee*,z,y
*Department of Biomedical Sciences, Iowa State University, Ames, Iowa 50011, yVirus and Prion Diseases of Livestock Research Unit,
National Animal Disease Center, USDA, Agricultural Research Service, Ames, Iowa 50010, zInterdepartmental Neuroscience Program,
Iowa State University, Ames, Iowa 5001, and yBioinformatics and Computational Biology Program, Iowa State University,
Ames, Iowa 50011, USA
Summary
Transmissible spongiform encephalopathies (TSEs) are a group of fatal neurodegenerative diseases characterized
microscopically by spongiform lesions (vacuolation) in the neuropil, neuronal loss, and gliosis. Accumulation of the
abnormal form of the prion protein (PrPSc) has been demonstrated in the retina of natural and non-natural TSE-
a¡ected hosts, with or without evidence of microscopically detectable retinal pathology. This study was conducted
to investigate the e¡ect of PrPSc accumulation on retinal neurons in a natural host lacking overt microscopical evi-
dence of retinal degeneration by comparing the distribution of retinal cell type-speci¢c markers in control and scra-
pie-a¡ected sheep. In retinas with PrPSc-immunoreactivity, there was disruption of the normal immunoreactivity
patterns of the alpha isoform of protein kinase C (PKCa) and vesicular glutamate transporter1 (VGLUT1), markers
of retinal bipolar cells. Altered immunoreactivity was also observed for microtubule-associated protein 2 (MAP2), a
marker of a subset of retinal ganglion cells, and glutamine synthetase (GS), a marker of Muº ller glia. These results
demonstrate alterations of immunoreactivity patterns for proteins associated with speci¢c cell types in retinas with
PrPSc accumulation, despite an absence of microscopical evidence of retinal degeneration.
Publishedby Elsevier Ltd.
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Introduction
Transmissible spongiform encephalopathies (TSEs) are
fatal neurodegenerative diseases presenting as inherited,
sporadic, or infectious forms, which are characterizedby
the accumulation of an abnormal form of prion protein
(PrPSc) in the central nervous system (CNS). Examples
of disorders in this group include kuru and Creutzfeldt^
Jakob disease (CJD) in humans, scrapie in sheep and
goats, bovine spongiform encephalopathy (BSE) in cat-
tle, transmissiblemink encephalopathy (TME) inmink,
andchronic wasting disease (CWD) in cervids.The nor-
mal cellular isoform of the prion protein (PrPC) exists as
aGPI-anchoredcell-surfaceprotein, and is expressedpri-
marily by cells of the CNS (Kretzschmar et al., 1986;
Moser et al.,1995; Prusiner et al.,1998).
The pathogenesis ofTSEs is not well understood. Ac-
cumulation of PrPSc presumably occurs via conversion
of native PrPC into disease-associated PrPSc (Kocisko
et al.,1994; Bieschke et al., 2004) ultimately resulting in
neuronal cell death. In brains in which PrPSc accumu-
lation is observed, neuronal cell populations appear to
be di¡erentially, rather than di¡usely, a¡ected. Inves-
tigation into the pathogenesis of TSEs is further com-
plicated when considering the e¡ects of PrPSc
accumulation in natural versus non-natural host spe-
cies. For example, scrapie-a¡ected sheep (natural host)
with demonstrable retinal PrPSc accumulation do
not appear to have associated major morphological
changes in their retinas (Greenlee et al., 2006), whereas
retinas from scrapie-a¡ected hamsters and mice
(non-natural hosts) exhibit extensive photoreceptor
degeneration (Buyukmihci et al., 1980, 1982; Hogan
et al.,1981; Fraser et al.,1997).
www.elsevier.com/locate/jcpa
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Several attributes of the mammalian retina make it a
usefulmodel for studyingTSEpathogenesis.The retina is
a highly organized multicellular organwith a character-
istic laminar structure consisting of alternating cellular
and synaptic (plexiform) layers.There are ¢ve character-
istic neuronal cell types and one retina-speci¢c glial cell
type, which canbe easily distinguished fromone another
based on location and morphological characteristics, or
with cell type-speci¢c antibodies (Haverkamp and
Wassle,2000). Phototransduction (the process of convert-
ing light photons into neural signals) takes place in
photoreceptor outer segments, the most sclerad portion
of the neural retina. Photoreceptor-generated signals
are then relayed vitreally to bipolar cells residing in the
inner nuclear layer (INL), and then to retinal ganglion
cells in the ganglion cell layer (GCL), which project
axons to centres of higher visual processing in the brain.
Horizontal and amacrine cells play amodulatory role in
this signalling pathway by way of their processes in the
outer and inner plexiform layers (IPLs), respectively. In
retinas from scrapie-a¡ected sheep, PrPSc accumulation
is primarily observed in the IPL, the layer of the retina
where synaptic connections occur between retinal bipo-
lar, amacrine, and ganglion cells, and the outer plexi-
form layer (OPL), where synaptic connections occur
between horizontal, bipolar, and photoreceptor cells
(Je¡rey et al., 2001; Greenlee et al., 2006). In both natural
and non-natural host species withTSEs, the retina has
been shown to accumulate PrPSc (Bradley, 1999; Foster
et al., 1999; Spraker et al., 2002b; Head et al., 2003, 2005;
Valdez et al., 2003; Hamir et al., 2004, 2005; Kercher et al.,
2004; Greenlee et al., 2006; Hortells et al., 2006).
Although retinal PrPSc accumulation has been well
documented, there is little information describing the
e¡ects of PrPSc accumulationon speci¢c retinal cell types
beyond cellular degeneration and loss as assessed by his-
topathology. To investigate further the e¡ect of PrPSc
accumulation on speci¢c retinal cell types, the distribu-
tion of various cell type-speci¢c markers in retinas from
control and scrapie-a¡ected adult sheep was examined.
Morphological changes were demonstrated in some, but
not all, retinal cell types in animals with retinal PrPSc
accumulation.This is the ¢rst study of TSE in a natural
host to describe changes in the morphology and/or pro-
tein expression patterns of speci¢c retinal cells based on
immunohistochemical examination of retinas with de-
monstrable PrPSc accumulation, butwithoutobviousmi-
croscopical evidence of neuronal degeneration.
Materials and methods
Animals and Tissue Preparation
The distribution of various cell type-speci¢c markers
in retinas from normal (scrapie-free) and scrapie-
infected adult sheep was examined. Retinas from scra-
pie-infected sheep were collected as part of an earlier
study (Hamir et al., 2005). Su¡olk sheep were inocu-
lated via the intracerebral and oral routes at 4 months
of age. Retinas were selected from sheep killed in the
terminal stages of disease.These sheep all had demon-
strable brainstem immunoreactivity to PrPSc. Entire
globes with a segment of optic nerve of approximately
1^2 cm were collected at necropsy. Connective tissue
and muscle were removed from the area surrounding
the optic nerve, and a scalpel was used to make a small
slit through the connective tissue tunics at the junction
of the cornea and sclerabefore the globewas immersed
in10%neutral-bu¡ered formalin.Tissueswere allowed
to ¢x for at least 3 weeks at which time a 5-mm-thick
vertical section from the caudal aspect of the globe-
containing retina and optic nerve was processed by
routine histological methods and embedded in para⁄n
wax. Serial sections (4 mm) were cut for immunohisto-
chemistry (IHC). Retinas from at least two negative
controls and six PrPSc-positive animals (4 inoculated
intracerebrally and 2 orally) were used in the analysis
of each retinal cell type-speci¢c marker. All animal
procedures had the approval of the National Animal
Disease Center’s Animal Care and Use Committee.
Immunohistochemistry for PrPSc
Slides were immunolabelled to detect PrPSc as
previously described (Hamir et al., 2004) using as pri-
mary antisera the monoclonal antibodies F89/160.1.5
(O’Rourke et al., 1998) and F99/97.6.1 (Spraker et al.,
2002a) each at a concentration of 5 mM/ml.With each
batch of slides labelled for PrPSc, serial sections of
brainstem from a known positive sheep were included
as controls. Additional slides were processed with the
omission of the primary antibody to control for non-
speci¢c labelling.
Immunohistochemistry for Retinal Cell Type-Specific
Antigens
Sections immunolabelled to detect retinal cell type-
speci¢c antigens were dewaxed in xylene and
rehydrated in graded alcohols. A proportion of the
characterization of some of the retinal antigens in this
study was performed on sections processed for double
label analysis with PrPSc.Therefore, prior to IHC pro-
cessing, all tissue sections (regardless of single- or
double-label status) were subjected to a modi¢ed hy-
drated autoclaving pre-treatment protocol to enhance
PrPSc detection. All sections were rinsed in citrate buf-
fer (pH 6.2, 0.1M) and autoclaved at 100 1C for 20min
in citrate bu¡er prior to IHC processing. All sections
were then rinsed in potassiumphosphate bu¡ered solu-
tion (KPBS; pH 7.4), and incubated for 2 h in blocking
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solution containing KPBS,1% bovine serum albumin
(BSA),0.4%TritonX-100 and1.5%normal donkey ser-
um (NDS). Primary antibodies (see below) were
diluted in the aforementioned blocking solution, and
applied for overnight incubation at room temperature.
On the following day, tissue sections were rinsed in
KPBSwith 0.2% Triton X-100 and incubated for 2 h at
room temperature in the appropriate secondary anti-
body diluted 1 in 500 in KPBS with 1% BSA, 0.02%
Triton X-100 and 1% NDS. Sections processed for
immuno£uorescence were rinsed, incubated in 40,6-
diamidine-2-phenylindole (DAPI; Molecular Probes,
Carlsbad, CA) at room temperature for 5min, and
rinseda ¢nal time inKPBSprior tobeing cover-slipped
with Vectashields £uorescence mounting medium
(Vector, Burlingame, CA).
Antibodies for Retinal Cell Type-Specific
Immunohistochemistry
Primary antibodies used in this study included the fol-
lowing: rabbit anti-glutamine synthetase (GS) (Sigma,
St Louis, MO),1in10,000 dilution; rabbit anti-microtu-
bule-associated protein 2 (MAP2) (Chemicon Inter-
national, Inc., Temecula, CA), 1 in 100 dilution; rabbit
anti-protein kinase C ^ alpha isoform (PKCa) (Sigma,
St Louis, MO), 1 in 10,000 dilution; guinea-pig anti-
vesicular glutamate transporter 1 (VGLUT1) (Chemi-
con International, Inc.,Temecula, CA), 1 in 1000 dilu-
tion; rabbit anti-Syntaxin1 (Sigma, St. Louis,MO),1in
30 dilution; rabbit anti-choline acetyltransferase
(ChAT) (Chemicon International, Inc., Temecula,
CA), 1 in 250 dilution. Secondary antibodies used in
this study included £uorescein isothiocyanate (FITC)-
conjugated donkey anti-guinea-pig IgG (Jackson Im-
munoresearch, West Grove, PA); or Alexa 488-conju-
gated donkey anti-rabbit IgG (Molecular Probes,
Carlsbad, CA).
Examination of Tissue Sections
Tissue sections were examined with a Nikon Eclipse
E800 £uorescence microscope (Nikon Corp., Tokyo,
Japan). Images were capturedusing aQ-ImagingReti-
ga 1300 digital camera, and processed on a Macintosh
G4 computer (Apple Computer, Cupertino, CA) using
Improvision OpenLab 3.1.3. Figures were prepared
using Adobe Photoshop CSVersion 8.0 and Macrome-
dia FreehandMXVersion11.0 for theMacintosh.
Results
To investigate the e¡ect of PrPSc accumulation on ret-
inal neurons, the distribution of retinal cell type-speci-
¢c markers in normal and scrapie-infected sheep was
examined. First, retinas from scrapie-positive sheep
were assigned a grade of mild (+), moderate (++), or
severe (+++) depending on the location and extent of
retinal PrPSc accumulation (Fig. 1). Grades were as-
signed as follows: (+) di¡use immunoreactivity of
moderate intensity primarily con¢ned to the inner
and outer plexiform layers, but with occasional PrPSc-
immunoreactive retinal ganglion cells; (++) di¡use
immunoreactivity of the inner and outer plexiform
layers with multiple foci of immunoreactivity in the
GCL, INL, and less frequently the outer nuclear layer;
(+++) intense immunoreactivity in the inner and out-
er plexiform layers with frequent and intense immu-
noreactivity in retinal ganglion cells, inner and outer
ARTICLE IN PRESS
Fig. 1. PrPSc immunoreactivity in the retinas of scrapie-infected sheep. (A) In animals with mild retinal PrPSc accumulation (+), PrPSc is
present inboth the IPL andOPL, and in occasional ganglioncells (arrow). (B) In addition to PrPSc expression inbothplexiform layers
and ganglion cells, punctate PrPSc was also detected in the INL in animals with moderate (++) retinal PrPSc accumulation. (C) In
the most severely a¡ected retinas examined (+++), PrPSc was detected in all retinal layers, including photoreceptor inner segments
(arrows). OS, outer segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform
layer; GCL, ganglion cell layer. IHC. Bars, 20 mm.
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nuclear layers, and photoreceptor outer segments with
multiple small foci of immunoreactivity within the
optic ¢bre layer (Fig. 1). This grading scheme was
employed to categorize scrapie-positive animals in
such away that would allow us to determine if a corre-
lation existed between the severity of retinal PrPSc
accumulation and any observed changes in the distri-
bution of retinal markers.
PKCa Expression in Retinas with PrPSc Accumulation
In the mammalian retina, antibodies directed against
the alpha isoform of protein kinase C (PKCa) can be
used as a marker of rod bipolar cells (Greferath et al.,
1990; Haverkamp and Wassle, 2000). Consistent with
PKCa immunoreactivity in other species, PKCa im-
munolabelling was observed in the cell bodies and pro-
cesses of putative rod bipolar cells in control sheep
retina (Fig. 2A). Immunoreactive cell bodies were
observedat the scleralmargin of the INL,with immuno-
reactive dendrites extending sclerad to the OPL.
Uniformly projecting immunoreactive axons were ob-
served extending through the INL into the IPL, where
their terminals appeared as variably sized ovoid punc-
ta of immunoreactivity along the vitreal margin of the
IPL. In retinas of scrapie-a¡ected animals, we ob-
served di¡erences in the pattern of PKCa expression
in axonal processes and terminals compared with con-
trol animals (Fig.2B). Cell bodies in the INL continued
to express moderate levels of PKCa, but a number of
immunoreactive processes were observed terminating
well sclerad to their appropriate level of termination at
the vitreal border of the IPL (arrow in Fig. 2B). Synap-
tic terminals also appeared to havemore of abranching
pattern of PKCa expression compared with the rela-
tively ordered puncta of immunoreactivity observed at
the vitreal aspect of the IPL in control retina.Themost
pronounced alterations in PKCa expression were ob-
served in scrapie-a¡ected animals with severe (+++)
retinal PrPSc accumulation, but immunoreactivity in
terminals also appeared more branched compared
with controls in retinas categorized as having mild
(+) or moderate (++) PrPSc accumulation (data not
shown).
VGLUT1 Expression in Retinas with PrPSc Accumulation
Immunoreactivity forVGLUT1hasbeen demonstrated
in glutamatergic terminals of photoreceptors in the
OPL and bipolar cells in the IPL (Johnson et al., 2003).
In control sheep retinas, similar to other mammalian
species, an intense band of coarseVGLUT1expression
was observed in the OPL in putative photoreceptor
terminals, and as di¡use puncta of immunoreactivity
throughout the IPL in presumed bipolar cell terminals
(Fig. 2C). Larger puncta of VGLUT1 expression were
numerous along the vitreal border of the IPL (arrows
in Fig.2C). No appreciable di¡erence in the intensity or
distribution of VGLUT1expressionwas noted between
negative control retina and retinas where + to ++
PrPSc accumulation was detected. However, in retinas
with +++ PrPSc accumulation, VGLUT1 expression
was less intense and the larger puncta of immunoreac-
tivity observed along the vitreal border of the IPL in
control retina appeared less numerous (Fig. 2D).
Syntaxin 1 and ChAT Expression in Retinas with PrPSc
Accumulation
The distribution of two amacrine cell markers, syntax-
in 1 and choline acetyltransferase (ChAT), was exam-
ined. In the retina, syntaxin 1 is present in the
OPL where it is localized to horizontal cell processes
(Hirano et al., 2005), and in amacrine cells (Morgans
et al., 1996) which are the source of conventional
synapses in the IPL. Antibodies directed against ChAT
label a speci¢c type of amacrine cell, the cholinergic
amacrine cell (Voigt, 1986; Rodieck and Marshak,
1992; Haverkamp and Wassle, 2000). No di¡erence in
the distribution or intensity of syntaxin 1 or ChAT
expression between PrPSc-positive and negative con-
trol retinas (data not shown) was observed.
MAP2 Expression in Retinas with PrPSc Accumulation
In the mature mammalian retina, antibodies against
microtubule-associated protein 2 (MAP2) label a sub-
population of retinal ganglion cells and their processes
in the IPL, some amacrine cells, and horizontal cells
(Tucker andMatus,1988; Okabe et al.,1989). MAP2 ex-
pression in the retinas of negative control sheep was
primarily associated with a subset of larger ganglion
cells and their dendritic processes in the IPL, which ap-
peared as multifocal puncta of intense immunoreactiv-
ity distributed across the width of the layer (Fig. 3A).
Low levels of MAP2 expression were also observed in
the OPL, and occasionally in cell bodies at both the vi-
treal and scleral margin of the INL, probably a subpo-
pulation of amacrine cells and horizontal cells,
respectively. In PrPSc-positive retinas, the number of
MAP2-positive cell bodies in the ganglion cell layer
was decreased when compared with control retinas
(Fig. 3B). Due to constraints of tissue availability con-
sistent ¢eldsbetween retinal sectionswere not available
to permit enumeration of immunoreactive cells. How-
ever, this decrease (relative to controls) was quite strik-
ing on subjective examination, but only detected in
+++ retinas. MAP2 expression in the INL and OPL
of PrPSc-positive retinas appeared similar to that of
control retina.
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GS Expression in Retinas with PrPSc Accumulation
In the mammalian retina, glutamine synthetase (GS)
is expressed by Muº ller glia, the primary glial cell of
the retina (Riepe and Norenburg, 1977; Haverkamp
andWassle, 2000). GS expression in the normal sheep
retina (Fig. 3C) was observed in cell bodies located in
the mid to vitreal half of the INL, and faintly in pro-
cesses spanning the retina from the inner limiting
membrane to the outer limiting membrane, consistent
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Fig. 2. Distribution of the alpha isoform of protein kinase C (PKCa) and vesicular glutamate transporter 1 (VGLUT1) in negative control
and PrPSc-positive sheep retina. (A) PKCa was detected in cell bodies and processes of putative rod bipolar cells in normal sheep
retina. (B) Immunoreactive axonal processes in retinas with severe PrPSc accumulation appeared to branch more extensively and
occasionally terminate sclerad to the vitreal border of the IPL (arrow) compared with PKCa-immunoreactive processes in control
retina. (C) In control retinas, an intense band of coarse VGLUT1 expression was observed in the OPL in putative photoreceptor
synaptic terminals. Small puncta of VGLUT1 expression were observed throughout the IPL in putative bipolar cell terminals, and
larger puncta of expressionwere noted at the vitreal border of the IPL. Non-speci¢c labelling of photoreceptor outer segments is also
present. (D)VGLUT1expressionappeared less intense in the plexiform layers of retinaswith PrPSc accumulation, especially along the
vitrealborder of the IPL. Fewer larger puncta (arrows) were detected in this region comparedwith control retina. OS, outer segments;
ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
Immuno£uorescence. Bars,10 mm.
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with previously described patterns of GS labelling of
Muº ller glia in other mammalian species. Immunola-
belling of Muº ller glia cell bodies was more intense in
retinas with PrPSc accumulation compared with con-
trol retinas. More prominent GS expression was ob-
served in the plexiform layers of all PrPSc-positive
retinas examined, especially retinas scored +++
(Fig. 3D).
Discussion
Appropriate cellular organization and connectivity
are fundamental to proper functioning of the nervous
ARTICLE IN PRESS
Fig.3. Distribution of microtubule-associatedprotein 2 (MAP2) andglutamine synthetase (GS) in the retina of negative control and scrapie-
infected sheep. (A) Themajority ofMAP2 expressionwas observed in a subset of cells in theGCL (asterisks) and their dendrites in the
IPL. Immunoreactive processes could occasionally be seen projecting into the IPL (arrow). Faint MAP2 expression was observed in
the OPL. (B) Fewer MAP2-positive cells (asterisks) were observed in the GCL of retinas with +++ PrPSc accumulation. (C) In con-
trol retinas, GS expression was detected in cell bodies and processes of putative Muº ller glia, and at the inner (arrows) and outer (not
shown) limitingmembranes. (D)GS expressionwas observed in PrPSc-positive retinas in apattern similar to that of control retina, but
more intense expression was detected in Muº ller glia cell bodies and both plexiform layers. OS, outer segments; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; OFL, optic ¢bre
layer. Immuno£uorescence. Bars,10 mm.
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system.The retina, with its laminated structure and ex-
tensively characterized cell types (the majority of
which can be identi¢ed by predictable and distinct im-
munolabelling patterns), o¡ers a model well suited for
examining pathological changes of cellular organiza-
tion. To date, the majority of studies of the retina in
naturally occurring and experimentally inducedTSEs
have focused on the distribution of PrPSc in the retina
and/or the presence or absence of microscopical lesions
indicative of retinal degeneration. Central to under-
standing the functional consequence of PrPSc accumu-
lation in the retina is examination of alterations in
normal retinal cell phenotypes that may occur as a
result of PrPSc accumulation.
Although alterations in CNSneurons, such as synap-
tic loss, dendritic alterations, and enhanced expression
of proapoptotic factors, have been reported in rodent
models of TSEs prior to, or concomitant with, the ap-
pearance of obvious microscopical lesions (Belichenko
et al., 2000; Je¡rey et al., 2000; Jamieson et al., 2001a, b;
Cunningham et al., 2003), evidence of similar disrup-
tion in natural hosts (e.g. sheepwith scrapie) is lacking.
In the current study, we have compared the distribu-
tion of various retinal cell type-speci¢c markers in the
retinas from control and scrapie-a¡ected sheep with
demonstrable retinal PrPSc accumulation, which lack
lesions consistent with retinal degeneration at the light
microscopical level. Overall, the distribution of each of
these markers in control sheep retina was consistent
with previous immunohistochemical ¢ndings in other
mammalian species. Of primary interest in this study,
however, were observations of the disruption of normal
immunoreactivity patterns of some, but not all, of these
antigens in retinas with PrPSc accumulation. Fig. 4
summarizes the retinal cellular changes that accom-
pany PrPSc accumulation. We have demonstrated
changes in the normal immunoreactivity patterns of
PKCa,VGLUT1, MAP2, and GS in retinas from scra-
pie-positive sheep. Alterations in the distribution of the
immunoreactivity patterns of these antigens present in
bipolar, retinal ganglion and Muº ller glial cells respec-
tively, were most evident in those retinas scored +++
for PrPSc accumulation. Syntaxin 1 and ChAT immu-
nolabellingof amacrine cells did not appear a¡ectedby
retinal PrPSc accumulation.
PrPScwas detectedprimarily in the synaptic layers of
all PrPSc-positive retinas examined (Fig. 1), but overt
evidence of retinal cellular degeneration was not pre-
sent on haematoxylin and eosin (HE) stained slides
(previously reportedby Greenlee et al., 2006). Recently,
a similar distribution of retinal PrPSc accumulation
was described in sheep with naturally occurring scra-
pie (Hortells et al., 2006); however those authors also re-
ported associated histopathological lesions in some
scrapie-a¡ected sheep, including loss of outer limiting
layer de¢nition, OPL atrophy, and inner and outer nu-
clear layer disorganization. This discrepancy may be
due to di¡erences in lesion interpretation in formalin-
¢xed tissues, as the structural integrity of the retina is
usually compromised to some degree by ¢xation in for-
malin. Additionally, each study examined retinas from
di¡erent breeds of sheep: Rasa Aragonesa in Hortells
et al. (2006) compared with Su¡olk in Greenlee et al.
(2006). Finally, each study utilized scrapie from di¡er-
ent sources: natural infection in Hortells et al. (2006)
compared with experimental infection with a pooled
inoculum in Greenlee et al. (2006), raising the possibi-
lity that sheep background genetics or infecting scrapie
strain(s) may contribute to the histopathological di¡er-
ences observed. Retinal lesions in some murine models
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Fig. 4. Schematic representation of normal retinal architecture.
Light signals transmitted from rod photoreceptors are re-
layed to rod bipolar cells, which then conduct signals to ret-
inal ganglion cells. Horizontal and amacrine cells function
in modulating this signalling pathway. The ‘ ’s indicate
those cell types in which disrupted immunolabelling pat-
terns were observed in PrPSc-positive retina. Immunolabel-
ling patterns speci¢c to photoreceptors and horizontal cells
were not examined. OS, outer segments; ONL, outer nucle-
ar layer; OPL, outer plexiform layer; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell layer;
OFL, optic ¢bre layer.
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of scrapie have been shown tobe dependent onboth the
strain of mouse and strain of scrapie used (Foster et al.,
1999). Hortells et al. (2006) also assessed Muº ller glia by
immunolabelling with glial ¢brillary acidic protein
(GFAP), but other cell types in the retinawere not spe-
ci¢cally evaluated. Our ¢ndings underscore the impor-
tance of examining the morphology of retinal neurons
beyond classical histological assessment in order to
identify more subtle e¡ects of PrPSc accumulation on
speci¢c retinal cell phenotypes thatmaybemissedwith
HE staining.
Disruption of PKCa immunoreactivity was ob-
served in rod bipolar cell processes within the IPL in
retinas with PrPSc accumulation, suggesting that these
interneurons critical to the rod photoreceptor signal-
ling pathway are a¡ected by PrPSc accumulation. Our
observations of a more prominent branching pattern of
immunoreactivity at rod bipolar cell synaptic term-
inals in retinas with PrPSc accumulation compared
with controls may indicate that appropriate synaptic
connectivity of these cells has been disrupted and they
are responsively sprouting processes in an e¡ort to re-
establish proper circuitry. Axonal and synaptic patho-
logy has been described in naturally occurring
(Liberski and Budka, 1999; Ferrer et al., 2000) and ex-
perimental (Je¡rey et al., 1995; Siso et al., 2002) TSEs.
The retina, like other CNS tissues, exhibits extensive
remodelling in response to degenerative disease (Jones
and Marc, 2005). PKCa immunoreactive processes
were also observed terminating sclerad to the vitreal
border of the IPL in retinaswith +++ PrPSc accumula-
tion, suggesting that perhaps these cells are retracting
their axons in response to PrPSc or to loss of their ap-
propriate targets. Alterations in PKCa expression
seemed to correlatewith the degree of PrPSc accumula-
tion to some degree, as ‘‘retracted’’ processes were not
observed in those retinas scored + or ++.
Another observed change in the IPL of retinas with
PrPSc accumulationwas a decrease inVGLUT1expres-
sion, particularly along the vitreal border of the IPL
where more prominent puncta of VGLUT1 expression
are normally found. VGLUT1 is localized to photo-
receptor and bipolar cell terminals in the retina. Based
on the normal anatomical location of rod bipolar cell
terminals and their appearance when labelled for
PKCa, it is feasible that the observed decrease in
VGLUT1expression at the vitreal border of the IPL re-
presents a decrease in the number of rod bipolar cell
terminals.Taken together, these data suggest rod bipo-
lar cells are one speci¢c cell type a¡ected by the accu-
mulation of PrPSc in the retina of sheep with scrapie,
raising the possibility that rod-mediated vision may be
impaired in these animals.
Retinal ganglion cell axons comprise the optic nerve
and relay visual signals from the retina to centres of
higher visual processing in the brain. A qualitative
decrease in the number of MAP2-positive cells in the
GCL of retinas with +++ PrPSc accumulation was
observed, suggesting either down-regulation of MAP2
expression by a¡ected cells, or loss of MAP2-positive
GCs. Interestingly, PrPSc was detected in occasional
GCs in retinas with mild (+) PrPSc accumulation,
but a decrease in the number of MAP2-positive
cells was not detected in these or in retinas scored ++.
Russelakis-Carneiro et al. (1999) demonstrated retinal
ganglion cell degeneration in mice inoculated by
the intraocular route with the ME7 strain of scrapie,
but not until the terminal stages of disease, suggesting
(at least in that model) that retinal GCs may be
somewhat resistant to the adverse e¡ects of PrPSc versus
other cell types. In contrast, Hortells et al. (2006)
recently reported an absence of histological lesions
in the GCL in sheep with naturally occurring
scrapie. In the current study, retinal ganglion cells
appeared normal histologically, and abnormalities
were not observed until ganglion cell-speci¢c
labelling was used, emphasizing the importance of
examining TSE-associated retinal pathology using
several techniques.
Expression of amacrine cell markers was similar be-
tween control and PrPSc-positive retina, suggesting the
overall organization of amacrine cells may be intact in
retinas with PrPSc accumulation. Taken together with
the aforementioned data, these observations also
o¡er evidence for a type of selective cellular disruption
in the retinas of sheep with scrapie versus generalized
pan-retinal degeneration.
Muº ller glia have long been proposed to play a sup-
portive role in the retina, but have also been assigned
potential roles in cellular regeneration (Garcia and
Vecino, 2003) and modulation of synaptic transmission
(Newman, 2004). As part of their neuroprotective
function Muº ller glia express glutamine synthetase
which converts glutamate to glutamine, thus prevent-
ing glutamate-induced excitotoxicity. Increased GS
expressionwas observed in retinas with PrPSc accumu-
lation, suggesting GS expression may be up-regulated
in these cells in response to increased extracellular glu-
tamate levels, and/or that GS expression may be more
prominent owing to generalized cellular hypertrophy
of Muº ller glia in response to retinal stress. In addition
to cellular hypertrophy, Muº ller glia also up-regulate
their expression of GFAP in response to retinal injury
(Ekstrom et al., 1988). Increased GFAP expression has
recently been demonstrated in the retinas of sheep
(Greenlee et al., 2006; Hortells et al., 2006) and trans-
genic mice (Kercher et al., 2004) infected with scrapie.
These results suggest that Muº ller glia are a¡ected
by retinal PrPSc accumulation, but may be responding
appropriately to retinal stress.
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An additional interesting observation made while
examining the various immunolabelling patterns in
this study, especially those of syntaxin 1andVGLUT1,
which are di¡usely distributed across the IPL, was that
the IPL in retinas with PrPSc accumulationwas subjec-
tively assessed as thinner comparedwith that of control
retinas.This discrepancy in IPL thickness could not be
quanti¢ed, however, due to our inability to examine
consistent regions between retinal sections, but when
the relative thickness of other retinal layers (e.g. ONL,
INL) is compared, these layers appear very similar,
suggesting selective thinning of the IPL may be occur-
ring in PrPSc-positive retina.
We have taken an initial step in a series of interesting
studies that could be performed using the retina as a
model to study TSE pathogenesis. Observations of in-
creased GFAP expression despite a lack of overt retinal
pathology in the retinas examined in this study (de-
scribed previously by Greenlee et al., 2006) raise the pos-
sibility that active retinal pathology is present, but that it
is occurring at a level that is not causing severe photore-
ceptor degeneration or morphological disruption of
other retinal neurons, as hasbeen observed in earlier stu-
dies using non-natural experimental hosts (Buyukmihci
et al.,1980,1982; Hogan et al.,1981). Our ¢ndings support
this possibilityanddemonstrate disruptionof speci¢c ret-
inal neurons that are crucial for visual signals to transmit
fromphotoreceptor to brain. Since much is known about
the electrophysiological properties of the retina, it is pos-
sible to study relationships between speci¢c morphologi-
cal changes and electrophysiological dysfunction. Our
observations are a necessary ¢rst step in understanding
functional disruptions in the retinas of these TSE-
a¡ected natural hosts, and will provide guidance for
future investigations into the e¡ects of PrPSc on retinal
morphology and function.
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